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(57) An object is to provide a heat-resistant steel 
which can be produced at a low cost but possesses an 
excellent high-temperature strength. A high-strength 
heat-resistant steel is provided which comprises C in an 
amount of 0.06 to 0.15% by weight, Si in an amount of 
1 .5% by weight or less, Mn in an amount of 0.5 to 1 .5% 



by weight, V in an amount of 0.05 to 0.3% by weight, 
and at least one of Nb, Ti, Ta, Hf, and Zr, in an amount 
of 0.01 to 0.1% by weight, the balance being Fe and 
unavoidable impurities, wherein the high-strength heat- 
resistant steel has a structure consisting mainly of a 
bainite structure. 
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Description 

BACKGROUND OF THE INVENTION 

5 1. FIELD OF THE INVENTION 

[0001] The present invention relates to high-strength heat-resistant steels, and particularly to high-strength heat- 
resistant steels which are suitable for use in a medium-to-high temperature range up to 540°C, and which can be 
produced at a low cost. 

w [0002] This application is based on Patent Applications Nos. Hei 10-272202 and Hei 11-40618, both filed in Japan, 
the contents of which are incorporated herein by reference. 

2. DESCRIPTION OF RELATED ART 

15 [0003] Large portions of materials for pressure-tight parts of piping for use in the highest temperature sections of 
subcritical-pressure boilers and supercritical-pressure boilers in power plants and waste heat recovery boilers in com- 
bined cycle power plants, and semi-high temperature sections of ultra supercritical-pressure boilers are carbon steels 
and low alloy steels such as 1 Cr steel and 2Cr steel. 

[0004] Specific examples of low alloy steels which have been used are 0.5Mo steel (JIS STBA 1 2), 1 Cr-0.5Mo steel 
20 (JIS KA STBA 21, STBA 22, STBA 23) and 2.25Cr-IMo steel (JIS STBA 24). 

[0005] Since large portions of the materials for pressure-tight parts of piping are carbon steels and low alloy steels 
such as 1 Cr steel and 2Cr steel, achievement of sufficient strength of the materials for the parts in which they are used, 
without increasing the use of alloying elements, would largely contribute to reducing the cost for constructing a power 
plant. 

25 [0006] In Japanese Unexamined Patent Application, First Publication (Kokai) No. Hei 10-195593, the present inven- 
tors proposed a steel excellent in high-temperature strength as a material suitable for the above uses, comprising C 
in an amount of 0.01 to 0.1% by weight, Si in an amount of 0.15 to 0.5% by weight, Mn in an amount of 0.4 to 2% by 
weight, V in an amount of 0.01 to 0.3% by weight, and Nb in an amount of 0.01 to 0.1% by weight, the balance being 
Fe and unavoidable impurities. 

30 [0007] The heat-resistant steel proposed as above is a useful steel, which possesses an enhanced high-temperature 
strength in comparison with conventional steels although it can be produced at a low cost. However, further enhance- 
ment of the high-temperature strength is desired without increasing the cost. 

BRIEF SUMMARY OF THE INVENTION 

35 

[0008] An object of the present invention is to provide a heat-resistant steel which can be produced at a low cost but 
possesses excellent high-temperature strength, and to provide a production process therefor. Another object of the 
present invention is to provide a process for producing such a heat-resistant steel possessing excellent high-temper- 
ature strength at a low cost by simplified production steps. 

40 [0009] In order to achieve the above objects, the following technical measures were taken. That is, the present 
invention provides a high-strength heat-resistant steel comprising C in an amount of 0.06 to 0.15% by weight, Si in an 
amount of 1 .5% by weight or less, Mn in an amount of 0.5 to 1 .5% by weight, V in an amount of 0.05 to 0.3% by weight, 
and at least one of Nb, Ti, Ta, Hf, and Zr, in an amount of 0.01 to 0.1% by weight, the balance being Fe and unavoidable 
impurities, wherein the high-strength heat-resistant steel has a structure consisting mainly of a bainite structure. 

45 [001 0] The high-strength heat-resistant steel according to the present invention, although it contains a small amount 
of alloying elements, possesses an excellent creep rupture strength, such as 130 MPa extrapolated to 10 4 hours at 
550 D C, due to a structure consisting mainly of a bainite structure, or preferably consisting of a bainite single-phase 
structure. 

[0011] It is preferable that the Si be present in an amount of 0.6% by weight or greater in the high-strength heat- 
50 resistant steel according to the present invention if oxidation resistance is regarded as important. The high-strength 
heat-resistant steel according to the present invention may further comprise at least one of Cr, in an amount of 0.7% 
by weight or less, and Mo, in an amount of 0.7% by weight or less. The high-strength heat-resistant steel according to 
the present invention may further comprise B in an amount of 0.005% by weight or less. 

[0012] The above high-strength heat-resistant steel can be produced by a process for producing a high-strength 
55 heat-resistant steel, the process comprising the steps of: normalizing the steel at a temperature in the range of 1100 
to 1250°C, the steel comprising C in an amount of 0.06 to 0.15% by weight, Si in an amount of 1 .5% by weight or less, 
Mn in an amount of 0.5 to 1 .5% by weight, V in an amount of 0.05 to 0.3% by weight, and at least one of Nb, Ti, Ta, 
Hf, and Zr, in an amount of 0.01 to 0.1 % by weight, the balance being Fe and unavoidable impurities; hot-working the 
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steel at a final reduction ratio of 50% or greater at a temperature within the range in which austenite recrystallizes, so 
as to produce a hot-worked product; and cooling the hot-worked product to room temperature or to a temperature lower 
than the temperature at which the transformation to bainite is completed. 

[001 3] Alternatively, the above high-strength heat-resistant steel can be produced by a process comprising the steps 
5 of: preparing an ingot having the above composition; hot-working the ingot, during the process of cooling the ingot, at 
a final reduction ratio of 50% or greater at a temperature within the range in which austenite recrystallizes, so as to 
produce a hot-worked product; and cooling the hot-worked product to room temperature or to a temperature lower than 
the temperature at which the transformation to bainite is completed. 

[0014] In the above processes of the present invention, after the step of hot-working at a temperature within the 
to range in which austenite recrystallizes, the hot-worked product may be additionally hot-worked at a temperature in the 
range of 950°C to the Ar 3 point, and then the step of cooling the hot-worked product to room temperature or to a 
temperature lower than the temperature at which the transformation to bainite is completed may be conducted. More- 
over, after the step of cooling to room temperature or to a temperature lower than the temperature at which the trans- 
formation to bainite is completed to produce a cooled product, the step of tempering the cooled product at the point 
or a lower temperature may be conducted. 

[0015] When a high-strength heat-resistant pipe is produced according to the present invention, the process may 
comprise the steps of: normalizing a steel having the above composition at a temperature in the range of 1100 to 
1250°C; piercing the steel to produce a pierced product; and cooling the pierced product to room temperature or to a 
temperature lower than the temperature at which the transformation to bainite is completed. Alternatively, the process 
20 may comprise the steps of: preparing an ingot having the above composition; piercing the ingot, during the process of 
cooling the ingot, at a temperature within the range in which austenite recrystallizes, so as to produce a pierced product; 
and cooling the pierced product to room temperature or to a temperature lower than the temperature at which the 
transformation to bainite is completed. 

[0016] The effects of the present invention are explained in the following. 

25 [0017] The heat-resistant steel according to the present invention, although it is a low alloy, possesses a creep 
rupture strength superior to those of conventional heat-resistant steels, due to its specific chemical composition and 
a structure consisting mainly of a bainite structure. Accordingly, this effect can be made more remarkable by making 
the structure a single-phase structure. In the present invention, a prescribed amount of at least one of Cr and Mo, 
which may be incorporated, improves the hardenability, and contributes to the formation of the single-phase bainite 

30 structure. In addition, B improves the hardenability by restricting the generation of ferrite, and contributes to the for- 
mation of the single-phase bainite structure. 

[0018] The production process of the present invention, according to which a steel of a specific composition is nor- 
malized at a temperature in the range of 1100 to 1250°C, then hot-worked at a final reduction ratio of 50% or higher 
at a temperature within the range in which austenite recrystallizes, and then cooled to room temperature or to a tem- 
35 perature lower than the temperature at which the transformation to bainite is completed, allows production of a high- 
strength heat-resistant steel, having a structure consisting mainly of a bainite structure, which, although it is a low alloy, 
possesses a creep rupture strength superior to those of conventional heat-resistant steels. 

[0019] The other production process, according to which an ingot of specific composition is prepared, then hot- 
worked, during the process of cooling the ingot, at a final reduction ratio of 50% or greater at a temperature within the 
40 range in which austenite recrystallizes, and then cooled to room temperature or to a temperature lower than the tem- 
perature at which the transformation to bainite is completed, allows production of a high-strength heat-resistant steel 
which possesses a creep rupture strength superior to those of conventional heat-resistant steels at a low cost in a 
simplified production process. 

[0020] In the case in which a pipe such as a boiler tube is manufactured, piercing may take place at a temperature 
45 within the range in which austenite recrystallizes, and then cooling to room temperature or to a temperature lower than 
the temperature at which the transformation to bainite is completed. This production process allows production of a 
high-strength heat-resistant pipe which, although it is a low alloy, possesses a creep rupture strength superior to those 
of conventional heat-resistant pipes. 

50 DETAILED DESCRIPTION OF THE INVENTION 

[0021] The present invention will be described further in detail below. Amounts of the components are expressed on 
the basis of weight percentages, unless otherwise specified. 

[0022] First, the reasons for defining the above ranges of amounts of the components are described below. 
55 [0023] C (carbon) combines with V, Nb, or the like to form a fine carbide, thereby securing the high-temperature 
strength and improving the hardenability. According to the present invention, the C content is at least 0.06% in order 
to achieve these effects. However, since an excessive amount of C would degrade the weldability the C content is 
limited to up to 0.15%. A preferable C content is 0.08 to 0.12%. 
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[0024] Si (silicon) is an element necessary as a deoxidizer in steel production, and the Si content is set to be 1 .5% 
or less. Si is also an element effective in enhancing the oxidation resistance. When Si is used in expectation of this 
effect, a preferable Si content is 0.6% or higher. 

[0025] Mn (manganese) is an element necessary as a deoxidizer in steel production, as Si is. In addition, Mn is 
5 incorporated according to the present invention for the purpose of forming the bainite structure. In order to achieve 
these effects, at least 0.5% of Mn content is required. However, since a Mn content exceeding 1 .5 results in decreasing 
in the A-, point, it is limited to up to 1 .54%. A preferable Mn content is 0.8 to 1 .2%, in the range of which a particularly 
excellent creep rupture strength can be achieved. 

[0026] V (vanadium) combines with C to form a NaCI-type carbide. This fine carbide is very stable even at a high 
to temperature, and enhances the high-temperature strength by inhibiting movements of dislocation. According to the 
present invention, the V content is at least 0.05% in order to achieve this effect. However, since a V content exceeding 
0.3% does not result in imparting a comparable effect, the V content is limited to up to 0.3%. A preferable V content 
is 0.15 to 0.25%. 

[0027] At least one of Nb (niobium), Ti (titanium), Ta (tantalum), Hf (hafnium), and Zr (zirconium) forms a NaCI-type 
carbide, as V does. However, unlike V, since the solid solubilities of Nb, Ti, Ta, Hf, and Zr in the y range are extremely 
small, bulky carbides precipitated during the cooling process after dissolution and during hot-forging, such as NbC, 
remain after normalization at a temperature less than 1100°C without being dissolved. Such bulky carbides do not 
contribute to the enhancement of the high-temperature strength. Therefore, according to the present invention, the 
temperature for the normalization is set at 1 1 00°C or higher to dissolve carbides such as NbC, and then fine carbides 

20 are precipitated. This feature will be described further in detail later. 

[0028] Cr (chromium) and Mo (molybdenum) function to improve the homogeneity of the structure to enhance the 
ductility. In addition, since Cr and Mo also function to improve the hardenability, incorporation of Cr or Mo allows the 
bainite structure to be easily obtained even when the amount of C or Mn is reduced. Furthermore, since Cr forms a 
Cr-type carbide and since Mo is dissolved in the matrix phase, both Cr and Mo are effective in enhancing the creep 

25 rupture strength. However, since either Cr or Mo exceeding 0.7% would increase the cost, which is inconsistent with 
the purpose of the present invention, the content of each of Cr and Mo is determined to be 0.7% or less. It is preferable 
that at least one of Cr, in an amount of 0.3 to 0.7%, and Mo, in an amount of 0.3 to 0.7%, be contained. 
[0029] B (boron) restricts the generation of ferrite, and improves the hardenability. Accordingly, incorporation of B 
allows the bainite structure to be easily obtained even when the amount of C or Mn is reduced. However, an excessive 

30 amount of B would result in reduction in the toughness and the ductility due to formation of a boride. Accordingly, the 
B content is determined to be 0.005% or less. 
[0030] Next, the production process will be described. 

[0031] A remarkable feature of the production process according to the present invention is that the normalization 
process is conducted at a high temperature in the range of 11 00 to 1250°C. That is, although this type of heat-resistant 

35 steel has been conventionally normalized at a temperature lower than 1100°C, the normalization process according 
to the present invention is conducted at a temperature of 1100°C or higher in order to allow NbC and other elements 
to be thoroughly dissolved. Improvement in the hardenability due to this high-temperature normalization results in 
formation of the bainite structure and enhancement of the high-temperature strength. However, since a temperature 
exceeding 1250°C would result in formation of considerably bulky crystal grains, the temperature of the normalization 

40 is determined to be 1 250°C or lower. A preferable temperature of the normalization is 1150 to 1200°C. The temperature 
of the normalization does not have to be maintained at a constant level, but may vary as long as it is within the above 
range. 

[0032] According to the present invention, after the above normalization process, a hot-working process is performed 
at a temperature within the range (y) in which austenite recrystallizes. The hot-working promotes the recrystallization 
45 to allow formation of fine crystal grains, and allows carbides such as NbC to uniformly and finely precipitate in the 
crystal grains. Because of this fine bainite structure, the heat-resistant steel according to the present invention pos- 
sesses a high strength. 

[0033] The working temperature may vary depending on the composition of the steel; however, a temperature of 
approximately 950 o C or higher can achieve the purpose of the hot-working. The reduction ratio of the hot-working 

so should be 50% or greater. This is because a reduction ratio smaller than 50% would result in insufficient achievement 
of the above effects. A preferable reduction ratio is 70% or greater. The hot-working is normally carried out as hot-rolling. 
[0034] After the above hot-working, a finish hot-working (or rolling) may be carried out in which finishing (or rolling) 
may be carried out at a temperature in the range of 950°C to the Ar 3 point. The desired thickness of a sheet or dimen- 
sions of a pipe can be obtained by the finishing process. 

55 [0035] After the completion of the hot-working process, the matrix phase structure of the steel is transformed to the 
bainite structure by air-cooling or forced cooling to room temperature or to a temperature lower than the temperature 
at which the transformation to bainite is completed, so as to accomplish dislocation hardening. 
[0036] After the cooling process, the steel may be tempered at the A 1 point or a lower temperature. A preferable 
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range of the tempering temperature is (the temperature of the A-, point)-50°C to the temperature of the point. 
[0037] The above production process is established on the basis of the assumption that an ingot of specific compo- 
sition is prepared, a sheet is formed by subjecting the ingot to a hot-forging process or the like, and the sheet is once 
cooled, then heated to a specific temperature, then normalized, and then hot-worked. However, the high-strength heat- 
resistant steel of the present invention may be obained by a process, which is not limited to the above process, in 
which, for example, an ingot is prepared, the ingot is hot-worked, during the process of cooling the ingot, at a temper- 
ature within the range in which austenite recrystallizes, and then the hot-worked product is cooled to a specific tem- 
perature. That is, the ingot under the condition in which carbides and other elements are dissolved, is subjected to the 
hot-working process at a temperature within the range in which austenite recrystallizes so as to obtain effects similar 
to those obtained by the above production process according to the present invention. According to this production 
process, since a desired steel can be obtained directly from the ingot without undergoing reheating for forging and 
normalization, simplification of the production steps and reduction of the production cost can be achieved. 
[0038] When a pipe such as a boiler tube is produced according to the present invention, a piercing process can be 
conducted instead of the hot-working process conducted at a temperature within the range in which austenite recrys- 
tallizes in the above production process of the present invention. This piercing process has the same function as that 
of the hot-working process, and allows the obtained heat-resistant steel to have a high strength. Specific examples of 
the piercing process are a tilting piercing method, a mandrel mill method, and a hot extrusion method. 

Embodiments 

[0039] The high-strength heat-resistant steel according to the present invention will be described by way of examples 
below. 

[0040] Each of the steels having the chemical compositions as shown in Table 1 was fused in a vacuum, and then 
hot-forged to produce a sheet having a thickness of 20 mm Thereafter, the sheet was normalized by heating at 1200°C 
for 20 minutes, hot-rolled at a final reduction ratio of 40% at 1000°C, and then air-cooled to room temperature. However, 
only Sample No. 15 in Table 1 was normalized at 1100°C. 

[0041] In Table 1 , Sample Nos. 1 to 14 are examples according to which the compositions and the temperatures for 
normalization are within the range of the present invention, Sample No. 15 is an example according to which the 
composition is within the range of the present invention but the temperature for normalization is outside the range of 
the present invention, and Sample Nos. 16 to 19 are examples according to which the compositions and the temper- 
atures for normalization are outside the range of the present invention. 

[0042] Microstructures of the samples obtained were inspected, and the creep rupture strength extrapolated to 10 4 
hours at 550°C, elongation, reduction of area, and oxidation resistance of each sample were evaluated. The results 
are shown in Table 2. The oxidation resistance was evaluated by measuring an average thickness of the oxided scales 
formed at 550°C over a period of 3000 hours. 
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Table 1 





Sample 

No. 


C 


Si 


Mn 


V 


Nb 


Others 


Fe 


Normalization 
Temperature 




1 


0.09 


0.40 


1.05 


0.194 


0.012 




Bal. 


1200°C 




2 


0.10 


0.34 


1.10 


0.191 


0.023 




Bal. 


1200°C 




3 


0.10 


0.33 


1.08 


0.192 


0.053 




Bal. 


1200°C 




4 


0.11 


0.29 


1.09 


0.185 


0.083 




Bal. 


1200°C 


c 


5 


0.10 


0.33 


0.65 


0.191 


0.055 




Bal. 


1200°C 


.2 
'*- > 


6 


0.10 


0.34 


1.43 


0.21 


0.051 




Bal. 


1200°C 


> 

1—1 


7 


0.11 


0.87 


0.96 


0.079 


0.059 




Bal. 


1200°C 


C 


8 


0.11 


0.35 


1.08 


0.251 


0.058 


B: 0.0032 


Bal. 


1200°C 


<u 

a 


9 


0.10 


1.15 


1.12 


0.213 


0.052 


Mo: 0.25 


Bal. 


1200°C 




10 


0.14 


0.35 


0.91 


0.236 


0.048 


Cr: 0.35 


Bal. 


1200°C 




11 


0.12 


0.33 


1.12 


0.089 





Ti: 0.061 


Bal. 


1200°C 




12 


0.10 


0.40 


1.03 


0.185 





Ta: 0.070 


Bal. 


1200°C 




13 


0.11 


0.29 


1.30 


0.165 





Zr: 0.39 


Bal. 


1200°C 




14 


0.11 


0.26 


1.10 


0.155 




Hf: 0.095 


Bal. 


1200°C 


parative 
imples 


15 


0.09 


0.40 


1.05 


0.194 


0.012 




Bal. 


1100°C 


16 


0.12 


0.31 


1.46 


0.195 


0.001 




Bal. 


1200°C 


17 


0.10 


0.31 


0.40 


0.173 


0.041 




Bal. 


1200°C 


c X 

O PJ 


18 


0.15 


0.35 


1.65 


0.193 


0.080 




Bal. 


1200°C 


19 


0.11 


0.33 


1.42 


0.021 


0.055 




Bal. 


1200°C 
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Table 2 



5 




Sample 
iso. 


phase 
structure 


Average 

grain size 
(um) 


("Veen mnture 

strength 
(MPa) 


Elongation 


Reduction 
of area 

(%) 


Oxidation 
resistance 
(urn) 






1 


B single 


50 


144 


35 


82 


60 


10 




2 


B single 


52 


148 


38 


81 


62 






3 


B single 


48 


152 


32 


84 


61 






4 


B single 


45 


153 


33 


83 


63 


15 


C 


5 


B+a multi 


43 


132 


41 


89 


65 


.2 
c 


6 


B single 


52 


140 


39 


88 


57 




w 
> 
c 


7 


B single 


47 


133 


41 


89 


62 




w 

c 


8 


B single 


55 


155 


33 


82 


63 


20 


CO 


9 


B single 


51 


158 


32 


83 


55 






10 


B single 


42 


158 


33 


80 


59 






11 


B single 


56 


136 


40 


87 


61 


25 




12 


B single 


51 


150 


34 


85 


63 






13 


B single 


46 


145 


37 


86 


62 






14 


B single 


44 


146 


37 


86 


61 


30 


iparative 
amples 


15 


a single 


51 


125 


46 


91 


63 




16 


B single 


52 


140 


42 


93 


62 




17 


a+B multi 


48 


129 


45 


92 


61 


35 


e x 
ow 


18 


B single 


46 


140 


39 


88 


65 


19 


B single 


50 


115 


42 


89 


65 



Microstructures: "B single" = bainite single-phase structure 



40 "B+a multi" = multi-phase structure comprising 

bainite and a small amount of ferrite 

"a single" = ferrite single-phase structure 

"a+B multi" = multi-phase structure comprising ferrite 
45 and a small amount of bainite 

[0043] The matrix phase of each of Sample Nos. 1 to 1 4 according to the present invention has a single-phase bainite 
structure or a multi-phase structure comprising a bainite structure as a main structure and a small amount of ferrite. 
so The average crystal grain size is several tens of micrometers. Fine NaCI-type carbides having an average grain size 
of several tens of nanometers are uniformly dispersed. 

[0044] Sample No. 1 5, of which the steel composition is within the range of the present invention but the temperature 
for normalization is 1100°C, which is lower than that for the present invention, has a structure comprising a matrix 
phase which is a ferrite single phase and fine NaCI-type carbides having an average grain size of several tens of 
55 nanometers dispersed in the matrix phase. 

[0045] The reason why each matrix phase of Sample Nos. 1 to 14 according to the present invention is a single- 
phase bainite structure or a multi-phase structure comprising a bainite structure as amain structure and a small amount 
of ferrite whereas the matrix phase of Sample No. 15 is a ferrite single-phase structure is because there are differences 
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in the temperatures of the normalization. That is, the reason is because the normalization process at a high temperature 
such as 1100°C or higher as conducted for Sample Nos. 1 and 3 to 12 according to the present invention allowed 
thorough solid dissolution of NbC and other elements and thus improved the hardenability. 

[0046] Sample No. 17, which contains less Mn, which is an element forming the bainite structure, than the present 
5 invention defines, has a multi-phase structure comprising ferrite as a main structure and a small amount of bainite. 
Therefore, in order to make the matrix phase have a bainite structure as a main structure, the Mn content needs to be 
0.5% or higher. 

[0047] The results with regard to Sample Nos. 1 to 4 and 1 6 in Tables 1 and 2 reveal that the creep rupture strength 
increases as the Nb content increases, but the creep rupture strength tends to approach a constant level when the Nb 
to content exceeds 0.05%. Accordingly, a preferable Nb content is approximately 0.05%. 

[0048] Furthermore, the results with regard to Sample Nos. 3, 5, 6, 17, and 18 in Tables 1 and 2 reveal that the creep 
rupture strength increases as the Mn content increases, but the creep rupture strength reaches a peak at a Mn content 
around 1 .0%, exceeding which the creep rupture strength decreases. Accordingly, a preferable Mn content is approx- 
imately 1.0%. 

[0049] Moreover, the results with regard to Sample Nos. 3, 7, 8, and 19 in Tables 1 and 2 reveal that the creep rupture 
strength increases as the V content increases, but the increase of the creep rupture strength is most marked at a V 
content around 0.2%, exceeding which improvement in the creep rupture strength is not comparable to the cost of the 
additional V. Accordingly, a preferable V content is approximately 0.2%. 

[0050] Sample No. 15 is an example in which a low normalization temperature such as 1100°C resulted in forming 
20 a matrix phase which is a ferrite single phase, although the steel composition was the same as that of Sample No. 1 . 
The creep rupture strength of Sample No. 15 is evidently inferior to that of Sample No. 1 . 

[0051] With regard to the oxidation resistance, Sample Nos. 7 and 10 have improved oxidation resistance in com- 
parison with the other samples. This is assumed to be because Sample Nos. 7 and 10 contain more Si than the other 
samples. 

25 [0052] Next, an ingot having the composition of Sample No. 3 was prepared, and the ingot was hot-worked, during 
the process of cooling the ingot, at a temperature within the range in which austenite recrystallizes, and then cooled 
to room temperature. Thereafter, the microstructure was inspected, and was found to have a structure in which NbC 
grains having an average grain size of several tens of nanometers were uniformly dispersed in the matrix which was 
a bainite single phase. The creep rupture strength extrapolated to 10 4 hours at 550°C was evaluated to be 152 MPa. 

30 [0053] In addition, an ingot having the composition of Sample No. 3 was prepared, and the ingot was pierced, during 
the process of cooling the ingot, at a temperature within the range in which austenite recrystallizes, and then cooled 
to room temperature. Thereafter, the microstructure was inspected, and was found to have a structure in which NbC 
grains having an average grain size of several tens of nanometers were uniformly dispersed in the matrix which was 
a bainite single phase. The creep rupture strength extrapolated to 10 4 hours at 550°C was evaluated to be 152 MPa. 

35 [0054] As demonstrated above, since high-temperature strength can be secured by conducting the hot-working or 
piercing process at a temperature within the range in which austenite recrystallizes directly after the forging process, 
the production process according to the present invention contributes to simplification of the production steps and 
reduction of the production cost. 

[0055] Furthermore, an ingot having the composition of Sample No. 3 was prepared, and the ingot was hot-forged 
40 to produce a sheet having a thickness of 20 mm. Thereafter, a normalization process by heating at 1200 D C for 20 
minutes, a hot-rolling process at a final reduction ratio of 40% at 1000°C, and a finish hot-rolling process at a final 
reduction ratio of 50% at 950°C were conducted, and the sheet was cooled to room temperature and then tempered 
by heating at 650°C for 30 minutes. Thereafter, the microstructure was inspected, and was found to have a structure 
in which NbC grains having an average grain size of several tens of nanometers were uniformly dispersed in the matrix 
45 which was a bainite single phase. The creep rupture strength extrapolated to 10 4 hours at 550°C was evaluated to be 
152 MPa. 



Claims 

50 

1. A high-strength heat-resistant steel comprising: 

C in an amount of 0.06 to 0.15% by weight, 
Si in an amount of 1 .5% by weight or less, 
55 Mn in an amount of 0.5 to 1 .5% by weight, 

V in an amount of 0.05 to 0.3% by weight, and 

at least one of Nb, Ti, Ta, Hf, and Zr, in an amount of 0.01 to 0.1% by weight, 

the balance being Feand unavoidable impurities, wherein the high-strength heat-resistant steel has a structure 
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consisting mainly of a bainite structure. 



2. A high-strength heat-resistant steel according to Claim 1 , which has a single-phase bainite structure. 

5 3. A high-strength heat-resistant steel according to Claim 1 or 2, wherein the Si is in an amount of 0.6 to 1 .5% by 
weight. 



A high-strength heat-resistant steel according to one of Claims 1 to 3, which has a creep rupture strength, extrap- 
olated to 10 4 hours at 550°C, of at least 1 30 MPa. 

A high-strength heat-resistant steel according to one of Claims 1 to 4, which further comprises at least one of Cr, 
in an amount of 0.7% by weight or less, and Mo, in an amount of 0.7% by weight or less. 



6. A high-strength heat-resistant steel according to one of Claims 1 to 5, which further comprises B in an amount of 
is 0.005% by weight or less. 

7. A process for producing a high-strength heat-resistant steel, the process comprising the steps of: 



normalizing a steel at a temperature in the range of 1 1 00 to 1 250°C, the steel comprising C in an amount of 
20 0.06 to 0. 15% by weight, Si in an amount of 1 .5% by weight or less, Mn in an amount of 0.5 to 1 .5% by weight, 

V in an amount of 0.05 to 0.3% by weight, and at least one of Nb, Ti, Ta, Hf, and Zr, in an amount of 0.01 to 
0.1% by weight, the balance being Fe and unavoidable impurities, 

hot-working the steel at a final reduction ratio of 50% or greater at a temperature within the range in which 
austenite recrystallizes, so as to produce a hot-worked product, and 
25 cooling the hot-worked product to room temperature or to a temperature lower than the temperature at which 

transformation to bainite is completed. 

8. A process for producing a high-strength heat-resistant steel, the process comprising the steps of: 

30 preparing an ingot comprising C in an amount of 0.06 to 0.15% by weight, Si in an amount of 1 .5% by weight 

or less, Mn in an amount of 0.5 to 1 .5% by weight, V in an amount of 0.05 to 0.3% by weight, and at least one 
of Nb, Ti, Ta, Hf, and Zr, in an amount of 0.01 to 0.1% by weight, the balance being Fe and unavoidable 
impurities, 

hot-working the ingot, during a process of cooling the ingot, at a final reduction ratio of 50% or greater at a 
35 temperature within the range in which austenite recrystallizes, so as to produce a hot-worked product, and 

cooling the hot-worked product to room temperature or to a temperature lower than the temperature at which 
transformation to bainite is completed. 



9. A process for producing a high-strength heat-resistant steel according to Claim 7 or 8, wherein, after the step of 
40 hot-working, the process further comprises the step of additionally hot-working the hot-worked product at a tem- 
perature in the range of 950°C to the Ar 3 point. 

10. A process for producing a high-strength heat-resistant steel according to one of Claims 7 to 9, wherein, after the 
step of cooling to produce a cooled product, the process further comprises the step of tempering the cooled product 

45 at the A 1 point or a lower temperature. 

11. A process for producing a high-strength heat-resistant pipe, the process comprising the steps of: 



normalizing a steel at a temperature in the range of 1 1 00 to 1 250°C, the steel comprising C in an amount of 
50 0.06 to 0. 15% by weight, Si in an amount of 1 .5% by weight or less, Mn in an amount of 0.5 to 1 .5% by weight, 

V in an amount of 0.05 to 0.3% by weight, and at least one of Nb, Ti, Ta, Hf, and Zr, in an amount of 0.01 to 
0.1% by weight, the balance being Fe and unavoidable impurities, 
piercing the steel to produce a pierced product, and 

cooling the pierced product to room temperature or to a temperature lower than the temperature at which 
55 transformation to bainite is completed. 



12. A process for producing a high-strength heat-resistant pipe, the process comprising the steps of: 
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preparing an ingot comprising C in an amount of 0.06 to 0.15% by weight Si in an amount of 1 .5% by weight 
or less, Mn in an amount of 0.5 to 1 .5% by weight, V in an amount of 0.05 to 0.3% by weight, and at least one 
of Nb, Ti, Ta, Hf, and Zr, in an amount of 0.01 to 0.1% by weight, the balance being Fe and unavoidable 
impurities, 

piercing the ingot, during a process of cooling the ingot, at a temperature within the range in which austenite 
recrystallizes, so as to produce a pierced product, and 

cooling the pierced product to room temperature or to a temperature lower than the temperature at which 
transformation to bainite is completed. 

A process for producing a high-strength heat-resistant pipe according to Claim 11 or 12, wherein, after the step of 
cooling to produce a cooled product, the process further comprises the step of tempering the cooled product at 
the A 1 point or a lower temperature. 
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